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WIND-TUNNEL INVESTIGATION OF BOUNDARY-LAYER CONTROL 

BY BLOWING ON AN NACA 655-424 AIRFOIL 

TO EFFECT DRAG REDUCTION 

By Thomas R. Turner 
Langley Research Center 

SUMMARY 

An investigation has been made to determine the effectiveness of boundary- 
layer control by blowing in reducing the drag of a two-dimensional airfoil with 
NACA 655-424 sections with the blowing slot located at 0.65 chord. The airfoil 
was equipped with a 0.35-chord blowing flap. Momentum coefficients ranged from 
0 to 0.0233 for the basic airfoil (flap undeflected) and from 0 to 0.0501 with 
flap deflected. 
the investigation was 2.96 x lo6. 

The flap was deflected from 0" to 30'. The Reynolds number for 

Results of the investigation showed that at low lift and momentum coeffi- 
cients the drag is slightly reduced by blowing and at higher lift coefficients 
it is greatly reduced by blowing. A blowing momentum coefficient of 0.0107 
caused the maximum lift-drag ratio to increase from approximately 20 to 35. 
These drag reductions are of the same order of magnitude as those for a suction 
slot at the same location. The increase in maximum section lift coefficients 
for the basic wing was as great or greater than that for the wing with a SUC- 
tion slot at the same chordwise station. A maximum section lift coefficient of 
4.0 was obtained with a flap deflection of 30° and a momentum coefficient 
of 0.05. 

INTRODUCTION 

The reduction in induced drag which accompanies an increase in aspect 
ratio is highly desirable for improved aerodynamic efficiency. However, the 
potential increases in aerodynamic efficiency (lift-drag ratio) that exist 
with increased aspect ratio have not been realized because of the high profile 
drag of the thick inboard wing sections required to achieve acceptable wing 
weight. Thus, increases in aspect ratio above certain values cause increases 
in the profile drag which are greater than the decrease in induced drag. This 
condition has resulted in aspect ratios of 10 to 12 as being approximately 
optimum for long-range aircraft. If the drag of the thick inboard sections 
could be reduced by boundary-layer control, by either suction o r  blowing, 



advantage could be taken of the  poten t ia l ly  higher l i f t -d rag  r a t i o s  of the  
higher aspect-rat io  wings. 

’ 

The r e s u l t s  of invest igat ions reported i n  references 1 t o  5 indicate  t h a t  
boundary-layer cont ro l  by suctioh i s  an e f f ec t ive  method of increasing the 
maximum l i f t -d rag  r a t i o  of NACA 6-ser ies  a i r f o i l s  with thicknesses ranging from 
12 t o  40 percent chord. Reference 5 indicates  t h a t  t he  maximum l i f t - d r a g  r a t i o  
f o r  a hypothetical  t ransport  a i r c r a f t  can be increased approximately 20 percent 
by the  appl icat ion of suction boundary-layer control.  

The separation of the  boundary layer  over t he  af t  pa r t  of an a i r f o i l  can 
be delayed a l so  ’by adding energy t o  the  boundary layer  by blowing high-pressure 
a i r  streamwise from a narrow s l o t  i n  the a i r f o i l .  
boundary-layer control  assumes new i n t e r e s t  with present-day j e t  engines capa- 
b l e  of supplying la rge  quant i t ies  of compressed air. 

This blowing system of 

The purpose of t he  present invest igat ion i s  t o  determine the  extent t o  which 
the  drag of a th i ck  a i r f o i l  can be reduced by blowing boundary-layer control  and 
t o  compare s l o t  suction and blowing as a means of reducing t h e  drag of the  same 
a i r f o i l  sect ion.  
0.65 chord w a s  used i n  t h i s  invest igat ion.  
0.35-chord blowing f l a p  def lected up t o  30°. 
been investigated with a suction s l o t  at 0.65 chord with and without a double 
s l o t t e d  f l a p  (ref.  4). 

A n  NACA 653-424 a i r f o i l  sect ion with the  blowing s l o t  at  
D a t a  were a l so  obtained with a 

This same a i r f o i l  section has 

SYMBOLS 
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a 
m 

2 
sect ion l i f t  coeff ic ient ,  - 

Q 
d sect ion profile-drag coeff ic ient ,  - 
qms 

m 
section pitching-moment coeff ic ient ,  - 

%osc 

free-stream dynamic pressure, lb/sq f t  

free-stream velocity,  f t / s ec  
m 

momentum coef f ic ien t ,  
%os 

sect ion l i f t ,  l b  

sect ion drag, lb 

sect ion pi tching moment, f t - l b  
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I 

NRe 

C 

U 

6f 

P 

Pt  

Pt,P 

TP 

T t  

Q 

CQ 

CP 

CF 

CP, s 

cP,b 

VJ 

Reynolds number, based on c 

a i r f o i l  chord, f t  

angle of a t tack ,  deg 

f l a p  def lect ion,  deg 

plain-f lap effect iveness  parameter 

a i r f o i l  area, sq  f t  

s t a t i c  thrust measured with f l a p  off  and air  ex i t ing  p a r a l l e l  t o  
tunnel  center  l i n e ,  l b  

free-stream s t a t i c  pressure, lb/sq f t  

free-stream t o t a l  pressure,  lb/sq f t  

t o t a l  pressure i n  plenum chamber, lb/sq f t  

temperature i n  plenum chamber, OR 

free-stream stagnation temperature, OR 

quant i ty  of a i r  removed through suction s l o t ,  cu f t / s ec  

flow coef f ic ien t ,  - Q 
vas 

pressure coef f ic ien t ,  Pt  - Pt,p 
&o 

spec i f i c  heat at constant pressure 

suct ion power drag coef f ic ien t ,  C Q C ~  

r Y - 1  1 
blowing power drag coef f ic ien t ,  - - 

- .- a 

blowing s l o t  exit  veloci ty ,  RTpg [. - (ed, f t / s ec  
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h enthalpy 

W mass flow, slugs/sec 

R gas constant , 53.35 ft-lb/lb/OR 

7 r a t i o  of spec i f i c  heats,  1 .4  f o r  air 

g grav i ta t iona l  acceleration; f t / sec2  

Subscripts : 

m a x  maximum 

min minimum 

meas measured 

1,2 reference s t a t ions  

APPARATUS AND TESTS 

The invest igat ion of boundary-layer control  by blowing on a two-dimensional 
a i r f o i l  w a s  made i n  t h e  Langley 300-MPH 7- by 10-foot tunnel.  The 2-foot-chord 
model spanned the  "-foot height of t h e  tunnel t es t  sect ion with the  exception of 
1/16-inch gaps at  e i t h e r  end t o  allow f o r  movement of t h e  balance system. Mounts 
went through the  tunnel f l o o r  and ce i l ing  and were attached t o  t h e  balance frame. 
End p la tes  1/32 inch th ick  extending approximately 3/4 inch from ;the wing contour 
and covering t h e  forward 0.8 chord were attached t o  both ends of  the  a i r f o i l .  
These p la tes  were t o  insure t h a t  leakage around t h e  wing mounts from outside the  
tunnel could not flow spanwise on t h e  a i r f o i l .  The drag of these p l z t e s  w a s  not 
subtracted from the  a i r f o i l  measured drag. 

Compressed a i r  f o r  boundary-layer control  w a s  brought onto the balance frame 
through a long 11 -inch-diameter s t e e l  pipe t h a t  a c t s  as a weak spring (ref.  6 ) .  
The tares o r  in te rac t ions  introduced by t h i s  method are neglfgible.  

2 

A drawing of t h e  NACA 655-424 a i r f o i l  with ordinates  i s  shown i n  f igure 1 
and a photograph of t h e  model i s  presented as f igure  2. The model was  made of 
mahogany except t h a t  t h e  blowing s l o t  l i p s  and a i r f o i l  t r a i l i n g  edge were made 
of aluminum. 
0.65-chord s t a t ion .  The 0.35-chord f l a p  was de+gned t o  give a minimum change 
i n  a i r f o i l  contour with the  f l a p  undeflected and t o  take advantage of t h e  
blowing s l o t  with the  f l a p  deflected.  

The 0.00083-chord, 0.020-inch-gap blowing s l o t  was located at the  

The t e s t s  were made at a dynamic pressure of 54.89 pounds per square foot 
corresponding t o  a Reynolds number of 2.96 X lo6, except f o r  some tests of t he  
basic  a i r f o i l  i n  which Reynolds number w a s  varied.  
extended from -loo t o  the  stall  f o r  most conditions. 

The angle-of-attack range 
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CORRECTIONS 

The following corrections ( r e f .  7) have been applied t o  t h e  data: 

RESULTS AND DISCUSSION 

This invest igat ion w a s  made at a Reynolds number of 2.96 x 10 6 primarily;  
however, t he  a i r f o i l  without blowing boundary-layer control  and with the  f l a p  
undeflected w a s  investigated at  lower Reynolds numbers. The maximum l i f t  coef- 
f i c i e n t  decreased with an increase i n  Reynolds n-amber f o r  t he  range of t he  
investigation; likewise the  m i n i ”  drag coeff ic ient  had a tendency t o  decrease 
with an increase i n  Reynolds number ( f i g .  3 ) .  
smooth a i r f o i l  at a Reynolds number of 2.96 X 106 w a s  0.107 per  degree, prac- 

t i c a l l y  the  theo re t i ca l  l i f t -curve  slope (m). it w a s  a l so  i n  agreement with 

reference 4. 

The l i f t -curve  slope f o r  t he  

57.3 ’ 

Transit ion w a s  f ixed a t  the  O.O?-chord posi t ion on both upper and Lower 
surfaces by a 1/8-inch band of very sparsely spread N o .  60 carborundum grains .  
The e f f ec t  of t h i s  f ixed t r a n s i t i o n  i s  shown i n  f igure  4. The f ixed  t r ans i t i on  
decreased the  l i f t -curve  slope, increased the  drag, and sh i f t ed  t h e  l i f t  center  
forward. The var ia t ion  of Cd,min with Reynolds number for t h i s  invest igat ion 
and 
reference 4 i s  shown i n  f iguse 5 .  
appears t o  be a l i t t l e  high as compared with the  value at  a Reynolds number of 
6 X 106 from reference 4. However, the  var ia t ion  of Cd,min with Reynolds num- 
ber  is  i n  agreement with t h e  turbulent  sk in- f r ic t ion  curve Xf (ref.  8) .  The 
skin f r i c t i o n  of t h e  small end p l a t e s  on the a i r f o i l  and t h e  leakage around the  
wing t o  t h e  balance mounts contributed a small increment of drag which was  
included i n  t h e  a i r f o i l  drag. The f i n i s h  of t he  mahogany a i r f o i l  for t h i s  
investigation, even i n  t h e  smooth condition, w a s  probably rough enough t o  

Cd,min with and without roughness at  a Reynolds number of 6 x SO6 from 
For t he  present invest igat ion Cd,min 
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eliminate any large extent of laminar flow on.the airfoil; whereas, the airfoil 
of reference 4 apparently had considerable laminar flow. 

The incremental drag values resulting from blowing from the boundary-layer 
control slot should be approximately correct even though the drag of the basic 
airfoil (flap undeflected) is high. 

The aerodynamic characteristics of the basic airfoil for several values of 
Cp are presented in figure 6. 
lift increased with a.n increase in The aerodynamic center shifted rearward 
as C,, was increased. The measured minimum drag decreased by an amount approx- 
imately equal to the applied momentum coefficient. However, at moderate and 
high lift coefficients the drag reduction was considerably greater than the 
applied momentum coefficient. 
where the drag coefficient cd +.C,, is plotted as a function of cz. The max- 
imum lift-drag ratio increased from approximately 20 for 
imately 35 for 

In general, the lift-curve slope and maximum 

C,,. 

This is more clearly shown in figure 6(concluded) 

C,, = 0 to approx- 
Cp = 0.0107. 

The aerodynamic characteristics of the airfoil with the flap deflected as 

Cp = 0.0501; however, it 
much as 30' are presented in figure 7 for several values of 
of 4.0 was obtained for a flap deflection of 30' and 
is expected that at higher flap deflections higher maximum lift coefficients 
would have been obtained. 

C,,. A maximum lift 

Some of the data are summarized in figures 8 to 12. The incremental lift 
coefficient aCz for the deflected flap for several Cp values is presented 
in figure 8 along with the theoretical curve (ref. 9 ) .  A value of Cp of 
approximately 0.0177 was required to keep the flow attached to obtain the theo- 
retical lift increment for the flap deflected 30°, the highest deflection 
investigated. It is obvious that the largest Cp value (0.05) of the investi- 
gation would have been sufficient to obtain the theoretical lift increment for 
considerably larger flap deflections. 
cients obtained for the various configurations is presented in figure 9. 

A summary of the maximum lift coeffi- 

The power required for a given drag reduction appears to be a satisfactory 
way of comparing the relative merits of suction and blowing boundary-layer con- 
trol. The suction boundary-layer control blower power is (ref. 10) 

Blower power = CQC~(LSV,) 

and the suction power drag coefficient is 

The blowing boundary-layer power coefficient is derived as follows: 
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Blower power = (h2 - hl)w = c 

and by def in i t ion  

where T i s  s t a t i c  t h rus t  and f o r  a subsonic j e t  T = WVJ. Therefore, t he  
blower power i s  

and the  blowing power drag coef f ic ien t  i s  

The change i n  drag coef f ic ien t  A(c, + C P , ~ )  o r  A(cd + CP+) with 
boundary-layer-control power dr&g coef f ic ien t  cP,b (present invest igat ion)  or 

CP, s 
gives the  l a rge r  reduction i n  drag at  
at low power coeff ic ients ,  suction gives the  l a rge r  drag reductions. 

(ref.  4) f o r  several  l i f t  coef f ic ien ts  i s  shown i n  f igure  10. Blowing 
c l  = 0.4; however, at c l  = 0.6 and 0.8 

L 

The var ia t ion  of maximum l i f t -d rag  r a t i o  with Cp for sev- 

era1 f l a p  def lect ions i s  presented i n  figure 11. 
f o r  the  basic  a i r f o i l  occurred at a value of CcL of approximately 0.01. Small 

The m a x i m u m  l i f t -d rag  r a t i o  

(cdc: cp)ma* 
f l a p  def lect ions gave fu r the r  s m a l l  increases i n  

A comparison of  czYmax as a function of cp,b o r  CpYs f o r  the  a i r f o i l  

For t h e  
with the  blowing s l o t  and f o r  t h e  a i r f o i l  with a suction s l o t  a t  t he  same chord- 
wise s t a t i o n  and a double s l o t t e d  f l a p  (ref. 4) i s  shown i n  f igure  12. 
basic a i r f o i l ,  blowing and suction have about the  same effectiveness.  The double 
s l o t t e d  f l a p  with no suction i s  more ef fec t ive  than t h e  blowing f l a p  with no 
blowing as would be expected; however, as boundary-layer-control power is  
increased, cz f o r  t h e  blowing f l a p  increases faster so t h a t  above a Cp,b 
or CpYs value of approximately 0.10 the  blowing f l a p  has t he  same or higher 
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C 2 , m a x .  The value of 
f l a p  def lect ion w a s  increased t o  the  60° t o  75' range. 

f o r  t h e  blowing f l a p  would be s t i l l  higher if  t he  

Since the  data  indicate  t h a t  t he  drag reduction due t o  blowing i s  of the  
same order of magnitude as t h a t  from suction on t h e  same a i r f o i l ,  the  analysis 
presented i n  reference 5 should be applicable t o  the  blowing condition. "his 
analysis  indicates  t h a t  improvements of t h e  order of 20 percent i n  
obtained f o r  an airplane with boundary-layer control .  

2/d can be 

CONCLUSIONS 

A wind-tunnel invest igat ion t o  determine the  e f f ec t  of boundary-layer con- 
t r o l b y  blowing from a s l o t  a t  0.65 chord on the  sect ion charac te r i s t ics  of an 
NACA 655-424 a i r f o i l  with and without a f l a p  has indicated the  following 
conclusions: 

1. The reduction i n  section drag w a s  approximately the  same f o r  s l o t  
blowing as f o r  s l o t  suction, with the  l a rge r  drag reductions at the  higher 
l i f t  coef f ic ien ts .  A blowing momentum coef f ic ien t  of approximately 0.01 
increased the  m a x i m u m  l i f t -d rag  r a t i o  approximately 75 percent.  

2. The increase i n  m a x h u m  section l i f t  coeff ic ient  with boundary-layer- 
control  power coef f ic ien t  f o r  t he  basic  a i r f o i l  ( f l a p  undeflected) with the  
blowing s l o t  i s  as great  o r  greater  than t h a t  f o r  a suction s l o t  a t  t he  same 
s t a t ion .  

3 .  A blowing momentum coeff ic ient  of approximately 0.0175 w a s  suf f ic ien t  
t o  obtain the  theo re t i ca l  l i f t  increment f o r  a f l a p  def lect ion of 30'. 

Langley Research Center, 
National Aeronautics and Space Administration, 

Langley Stat ion,  Hampton, V a . ,  Apri l  3 ,  1964. 
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Figure 2.- Model i n s t a l l e d  i n  tunnel.  I,-61-6100 
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Figure 3.- Effect of Reynolds number on the section aerodynamic characteristics of the airfoil model 
in smooth condition. 
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Figure 4.- Effect of roughness on the section aerodynamic characteristics of the NACA 655-424 airfoil. 
NRe = 2.96 X lo6. 
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Figure 5.- Variation of minimum section drag coefficient with Reynolds number for the 
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Figure 10.- Comparison of blowing and suc t ion  boundary-layer c o n t r o l  on the  a i r f o i l  sec t ion  
drag  c o e f f i c i e n t .  
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11. - Effect of momentum coefficient on the maximum lift-drag ratio of the NACA 655-424 airfoil. 
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Figure 12.- Variation of maxi"  section lift coefficient with boundary-layer control power 
coefficient for blowing and suction boundary-layer control. 
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